Background {#Sec1}
==========

A significant portion of human cancer cases worldwide, an estimated 15%--20%, may be attributed to viral infection \[[@CR1]\]. Several studies have indicated an exciting connection between human cytomegalovirus (HCMV) infection and glioblastoma multiforme (GBM), which is the most malignant primary brain tumor of human adults. In these studies, HCMV gene sequences were detected in \>90%--95% of cases of GBM, and lower levels of HCMV expression in tumors were associated with longer survival of patients with GBM \[[@CR2]--[@CR8]\]. Furthermore, recent studies demonstrated a survival benefit in patients with GBM who received standard therapy for GBM in combination with antiviral valganciclovir treatment \[[@CR9], [@CR10]\], although this remains to be confirmed by additional studies. Thus, the role of HCMV in the pathogenicity of GBM is attracting increasing interest.

In contrast with these findings, several conflicting reports indicated a lack of association between HCMV and GBM \[[@CR11]--[@CR13]\]. A more recent study used next-generation sequencing to show that HCMV sequences are absent in high-grade gliomas \[[@CR14]\]. Thus, the association between HCMV and GBM reported by some but not all studies highlights the need for additional worldwide surveys. In fact, to date, all investigations of links between HCMV and GBM have stemmed from American and European populations, and the prevalence of HCMV in GBMs in other regions of the world, such as Asia, has not been clarified. Recently, Yamashita *et al*. \[[@CR15]\] collected GBM samples from hospitals located in the Nagoya area of Japan and tested them for the presence of the HCMV genome; however, none of their cases had detectable HCMV DNA sequences. To determine the frequency at which HCMV is present in Asian populations, we further investigated the prevalence of HCMV and viral load in GBMs from Japanese subjects, using highly sensitive quantitative PCR.

If HCMV infection is an important risk factor for the development of most cases of GBM, it would be worth exploring whether other infectious pathogens coexist with HCMV in these tumors, possibly as cofactors of pathogenesis. For example, several studies suggested that some polyomaviruses, such as the simian virus 40 (SV40) and JC virus (JCV), are associated with GBM \[[@CR16], [@CR17]\]. In this context, we explored for the first time the existence of newly discovered human polyomaviruses, including Merkel cell polyomavirus (MCPyV), human polyomavirus 6 (HPyV6), HPyV7, and HPyV9, in GBM samples. MCPyV is the first oncogenic polyomavirus and was originally found in Merkel cell carcinoma \[[@CR18]\]; subsequent studies showed that MCPyV DNA was present in other malignancies, such as cervical cancer and lung cancer \[[@CR19], [@CR20]\]. In addition, we defined the prevalence of three human oncogenic viruses in GBMs: Epstein--Barr virus (EBV); human herpesvirus 8 (HHV8); and human papillomavirus (HPV). Our study provided the first data on the detection of high-risk-type HPVs in GBMs in the Eastern world.

Results {#Sec2}
=======

Quantitative PCR for HCMV in GBMs {#Sec3}
---------------------------------

To detect HCMV DNA, we employed quantitative PCR targeting two different HCMV regions using the primers and probes for major immediate early (IE) and glycoprotein B (gB) genes \[[@CR21], [@CR22]\]. The primers and probes were verified using DNA from a plasmid containing the HCMV IE or gB genes, DNA extracted from the HCMV AD169 strain (Advanced Biotechnologies, Columbia, MD, USA), and DNA from the AD169 strain admixed with cellular DNA. A standard curve for HCMV was generated using serial dilutions of the genome of the AD169 strain. Our quantitative PCR analysis detected at least 1.5 HCMV copies per PCR reaction (i.e., 0.0008 copies per cell) from the AD169 strain DNA admixed with 200 ng of cellular DNA extracted from HCMV-negative HEK293 cells. The number of cells in each sample was assessed by comparing the amounts of RNaseP product. The estimated number of cells per PCR reaction in the GBM samples varied from 5 to 7315 (median, 301; mean, 1028) cells. For positive controls of HCMV detection, three formalin-fixed paraffin-embedded (FFPE) samples were obtained from patients with HCMV pancreatitis (denoted as HCMV-P1), HCMV enteritis (HCMV-P2), and HCMV pneumonia (HCMV-P3), respectively. The number of HCMV copies in these positive controls was 415, 472, and 3852 copies per reaction, or 24.1, 3.82, and 399.55 copies per cell, respectively. In clear contrast, the HCMV IE and gB genes were not detectable in any of the 39 GBMs. All samples were tested at least in triplicate. The results are summarized in Table [1](#Tab1){ref-type="table"}.Table 1**Results of real-time quantitative PCR to detect various viruses in the 39 patients with GBM and in positive control samples**Viral DNA copy number\*Case no.AgeSexHCMVMCPyVHPyV6HPyV7HPyV9EBVHHV8HPVCell numbergBIEPCR\*\*Type 16Type 18PCR\*\*\*160F00ND00000000ND32258F00ND00000000ND676351M00ND00000000type 16417474F00ND00000000ND1280572M00ND0000000.130type 1621668F00ND00000000ND135749M00ND00000000ND770871M00ND00000000type 16118960M00ND00000000ND3701042M00ND00000000ND341142M00ND00000000ND2211282F00ND00000000ND12361340M00ND00000000ND481477M00ND00000000ND3011562F00ND00000000ND4541675M00ND00000000ND1381773M00ND00000000ND261843F00ND00000000ND1571950F00ND00000000ND1332046M00ND00000000ND52182M00ND00000000ND114224F00ND00000000ND9542346M00ND00000000ND5332470F00ND00000000ND5902565F00ND00000000ND332659F00ND00000000type 164002772M00ND00000000ND1472877M00ND00000000ND2722965F00ND00000000.05type 18503072M00ND00000000ND2143177M00ND00000000type 163883251F00ND00000000ND26373377F00ND00000000ND52693480M00ND00000000ND70223581M00ND00000000ND35103663F00ND00000000ND32053770M00ND00000000type 1673153870M00ND00000000ND7053988F00ND00000000.18type 18170HCMV-P1^a^827.372.0117HCMV-P2671.98270.96123HCMV-P33955.123748.2010MCPyV-P125879.50188MCPyV-P228.95275HPyV6-P1107.6092HPyV6-P22.1210HPyV6-P30.20254HPyV7-P10.1226HPyV7-P20.4510HPyV7-P30.45672EBV-P161315.242316EBV-P247466.542520HHV8-P149621.121624HPV16-P13.6632HPV16-P2235.94228HPV16-P3491.46348HPV16-P446.06522HPV18-P10.11496HPV18-P282.98572HPV18-P34.581191HPV18-P40.0410\*Viral DNA copy number is shown as per reaction.\*\*Results of nested PCR are also shown.\*\*\*Results of nested PCR and the HPV type are shown.^a^Positive controls are as follows: HCMV-P1, HCMV^+^ pancreatitis (FFPE); HCMV-P2, HCMV^+^ enteritis (FFPE); HCMV-P3, HCMV^+^ pneumonia; MCPyV-P1, MCPyV^+^ Merkel cell carcinoma (FFPE); MCPyV-P2, MCPyV^+^ cutaneous squamous cell carcinoma (FFPE); HPyV6-P1, HPyV6^+^ basal cell carcinoma (FFPE); HPyV6-P2, HPyV6^+^ melanoma (FFPE); HPyV6-P3, HPyV6^+^ cutaneous squamous cell carcinoma (FFPE); HPyV7-P1, HPyV7^+^ basal cell carcinoma (FFPE); HPyV7-P2, HPyV7^+^ melanoma (FFPE); HPyV7-P3, HPyV7^+^ cutaneous squamous cell carcinoma (FFPE); EBV-P1 and -P2, EBV^+^ lymphoblastoid cells (cell lines); HHV8-P1, HHV8^+^ KS-1 (cell line); HPV16-P1 and -P2, HPV16^+^ cervical cancer (FFPE); HPV16-P3 and --P4, HPV16^+^ oropharyngeal cancer (FFPE); HPV18-P1 and --P2, HPV18^+^ cervical cancer (FFPE); HPV18-P3 and --P4, HPV18^+^ oropharyngeal cancer (FFPE).F: female; M: male; ND: not detected.

We also analyzed the GBM samples for the existence of HCMV DNA by nested PCR with primer sets targeting the HCMV gB gene, as previously reported \[[@CR2], [@CR23]\]. Likewise, HCMV DNA was not detectable in any of our GBM samples (Table [1](#Tab1){ref-type="table"}).

Detection of human polyomaviruses and oncogenic viruses {#Sec4}
-------------------------------------------------------

Next, we tested the GBM samples for the presence of four human polyomaviruses (MCPyV, HPyV6, HPyV7, and HPyV9) and three oncogenic viruses (EBV, HHV8, and HPV). These viral DNAs were not detected, with the exception of HPV, which was detected in three out of 39 GBMs by real-time quantitative PCR targeting HPV16 and HPV18 sequences (Table [1](#Tab1){ref-type="table"}). One patient was infected with HPV16 and two patients with HPV18, and the viral copy numbers ranged from 0.05 to 0.18 per PCR reaction, or from 0.001 to 0.006 per cell. For positive controls of HPV detection, eight FFPE samples were obtained from the following patients: four cervical cancers (two patients with HPV16 and two with HPV18 infection) and four oropharyngeal cancers (two patients with HPV16 and two with HPV18 infection). The HPV copy number of these positive control tissues ranged from 0.04 to 491.46 copies per reaction, or from 0.0002 to 1.41 copies per cell (Table [1](#Tab1){ref-type="table"}). Thus, the HPV copy number in HPV-positive GBMs tended to be lower than those observed in the HPV-infected cervical cancers and oropharynx cancers that were used as positive controls.

Cases of GBM may be infected with HPVs other than HPV16 and HPV18 \[[@CR24]\]. Therefore, to determine the detection frequency and types of HPV, the GBM samples were also subjected to standard PCR using the primers that were employed for the quantitative PCR assay as well as GP5+/GP6+ primers \[[@CR25]\], or to nested PCR using the first primers MY09/11 and the second primers GP5+/GP6+ \[[@CR25], [@CR26]\]. The PCR products were sequenced directly, and the sequencing data obtained were BLAST searched using the National Center for Biotechnology Information (NCBI) database. Overall, eight out of 39 (21%) samples were positive for HPV by nested PCR, and all positive cases carried high-risk-type HPV. Six patients were infected with HPV16 and two patients with HPV18.

To explore whether contamination of the normal brain tissues affected the PCR results, we examined normal brain tissues from two GBM cases that harbored the HPV genome (cases 29 and 37). The normal brain tissues were obtained during surgery and stocked as FFPE tissues. As a result, HPV DNA was not detected in the non-neoplastic tissues, suggesting that that the HPV positivity resulted from HPV-infected GBM tumor cells.

To evaluate the expression of HPV antigen, immunohistochemistry was performed using the mouse monoclonal antibody K1H8 against the HPV major capsid protein \[[@CR27], [@CR28]\]. This antibody is a broadly-reactive antibody to the following HPV types: 6, 11, 16, 18, 31, 33, 42, 51, 52, 56, and 58. The immunohistochemical study was carried out on three GBM samples, cases 29, 37, and 39, for which enough material was available. These cases were shown to be positive for HPV16 or HPV18 DNA by PCR assays (Table [1](#Tab1){ref-type="table"}). Sample of HPV-positive cervical cancer (HPV16-P2) was used as a positive control. All cases showed positivity for staining of the HPV major capsid protein (Figure [1](#Fig1){ref-type="fig"}), indicating that the GBM tumor cells expressed the HPV-derived antigen. The immunochemical signal was detected in the nucleus of tumor cells, partially in the cytoplasm.Figure 1**Immunohistochemical staining of GBM tumor cells for HPV major capsid protein.** Immunohistochemical analysis using the K1H8 monoclonal antibody confirmed the expression of the HPV major capsid protein in the nucleus of tumor cells, partially in the cytoplasm. **(A)** Case 29; **(B)** Case 37. Original magnification × 100.

Discussion {#Sec5}
==========

The presence of HCMV in GBM was first reported by Cobbs and colleagues \[[@CR2]\]. Since this pioneer report, a controversy was generated regarding the presence or absence of this virus in this type of tumor \[[@CR11]--[@CR13]\]. Further studies argued that the discrepancy of the results was possibly related to technical reasons, such as differences in the sensitivity of the methods used by different groups, and a consensus was reached that HCMV sequences exist in most, but not all, GBMs \[[@CR29]\]. However, this consensus was achieved based on findings from Caucasian patients with GBM, and information on the geographic variability of HCMV prevalence in this type of tumor is scarce. In this study, we measured the HCMV loads in both FFPE and frozen GBM tumors from 39 Japanese patients using highly sensitive quantitative PCR. Our quantitative PCR analysis detected eight copies of HCMV DNA mixed with DNA extracted from 10^4^ HCMV-negative cells. No cases harbored detectable HCMV genomes. Furthermore, nested PCR assays did not detect HCMV in GBM tissues. These results indicate that HCMV is unlikely to play a direct role in the pathogenesis of GBM in cases collected in the south of Japan. Recently, another research group was also unable to demonstrate the presence of HCMV genomes in GBM samples from a population of patients from the central region of Japan \[[@CR15]\]. The absence of HCMV in Japanese patients with GBM shown by these two independent studies raises the possibility that the prevalence of HCMV in GBM varies among populations with different ethnic origins. Worldwide epidemiology studies have shown that individuals of European descent are more frequently affected by GBM than are those of Asian or African descent \[[@CR30], [@CR31]\]. In the US, the incidence of GBM is two or more times greater in white than in black people \[[@CR30], [@CR32]\]. Thus, differences in incidence between Western and Asian countries and among ethnic groups residing in the US suggest a genetic predisposition to GBM. GBM is a tumor that arises from glial cells. If HCMV, which is a ubiquitous herpesvirus that is present in the majority of the population worldwide, is a predominant risk factor for GBM, it is conceivable that the susceptibility of glial cells to HCMV infection might vary according to race. It is known that clinical HCMV isolates display genetic polymorphisms in multiple genes, which are supposed to be related to strain-specific tissue tropism and to the ability to established persistent infection \[[@CR33]\]. The most polymorphic genes are those that encode viral envelope glycoproteins, which play important roles in virus entry and in cell-to-cell virus spread \[[@CR33], [@CR34]\]. A survey showed that the genotypic variants of the gene that encodes glycoprotein N can be divided into four groups according to the geographical provenance of clinical HCMV isolates, i.e., European, Northern American, Australian, and Chinese types \[[@CR35]\]. Thus, genetic polymorphisms in variants isolated from geographically and migrationally different regions might be implicated in different HCMV-related pathogeneses according to race. Therefore, our present findings should prompt further investigation of the prevalence of HCMV in a series of GBM samples from diverse regions of the world, especially in Asia and Africa, as well as studies aimed at determining whether the different detection rates of HCMV are caused by ethnic variation, rather than technical sensitivity.

To date, three polyomaviruses, SV40, JCV, and BKV, have been suggested to be associated with the development of brain tumors \[[@CR1], [@CR36], [@CR37]\]. A recent serological study showed a significant association between SV40 and a subset of GBM cases \[[@CR16]\]. Because serological cross-reactivity is known among the polyomavirus family \[[@CR38]\], it is worthwhile to test the association between new human polyomaviruses and GBM. Furthermore, it has been proposed that polyomaviruses play a synergistic role with other viruses in oncogenic transformation \[[@CR39]\]. In this context, it is worth investigating whether HCMV-infected GBM is also coinfected with human polyomaviruses. In this study, we explored for the first time the existence of four newly discovered human polyomaviruses, MCPyV, HPyV6, HPyV7, and HPyV9, in GBMs. However, the polyomavirus DNA sequences were not detectable, suggesting that these polyomaviruses are unlikely to play a pathogenetic role in our patients with GBM.

We also searched for the viral DNAs of two oncogenic herpesviruses, EBV and HHV8, in GBMs, with negative results. Recently, Cimino *et al*. \[[@CR14]\] reported that the EBV DNA sequence was found in five out of 21 (24%) patients from the US with high-grade gliomas using next-generation sequencing analysis. Although the discrepancy in the EBV prevalence rates might be explained in part by geographic epidemiological variations in patients, or merely by differences in the technical approaches used, our study suggests that EBV and HHV8 are not key pathogens in the development of GBM.

HPV is a common oncogenic virus in human. Recently, Vidone *et al.* \[[@CR24]\] reported that HPV DNA was detected in 12 out of 52 Italian patients with GBM (23%) using nested PCR. Among their 12 HPV-positive cases, three cases were infected with HPV16 and nine were infected with HPV6 (low-risk type). In the present study, we found eight HPV-positive GBMs (21%). The detection rate was very similar to that obtained in the Italian population. In contrast, our study showed that the detectable HPVs were all of high-risk types (HPV16 and HPV18). Importantly, we measured for the first time the HPV viral loads in GBM tissues, and found that the copy numbers of infected HPV were relatively low compared with those detected in the HPV-positive cervical cancers and oropharyngeal cancers that were used as positive controls. The HPV genome was not detectable in controlled normal brain tissues. Currently, it is unknown whether persistent HPV infection is directly associated with gliomagenesis in a subset of patients. However, detection of the HPV major capsid protein suggest that production of viral protein from HPV genome is ongoing in GBM tumor cells. Otherwise, HPV might be just a transient 'hit and run' infectious pathogen, which would explain the small number of HPV-positive GBMs and lower viral loads detected in the tumor tissues. According to this theory, HCMV may first begin to proliferate in the glial cells and then it may cause cell proliferation. Additional cellular gene mutations during tumor progression may in part render HCMV expression dispensable for gliomagenesis.

Conclusions {#Sec6}
===========

This was the first presentation of data regarding the prevalence of various viruses, including HCMV, human oncogenic viruses (EBV, HHV8, HPV, and MCPyV), and new human polyomaviruses (HPyV6, HPyV7, and HPyV9) in GBMs from an Asian population. In contrast with many previous reports based on Caucasian patients, we were not able to obtain direct evidence to support the association between HCMV and GBM. Furthermore, it is unlikely that GBM is associated with human oncogenic viruses, including EBV, HHV8, and MCPyV. However, our investigations demonstrated the presence of the viral genome and protein of high-risk-type HPVs in a subset of patients with GBMs. These findings should stimulate further large-scale worldwide epidemiological and virological studies aimed at defining the pathogenicity of HPV-positive GBM.

Methods {#Sec7}
=======

Patients and samples {#Sec8}
--------------------

This study included 39 Japanese patients with GBM grade IV (22 men and 17 women). The median age of the patients was 68 years (range, 4--88 years). Thirty-one FFPE tumor tissues (denoted as cases 1--31) and eight frozen tumor tissues (cases 32--39) were obtained from patients from the Kochi University Hospital. The patients resided in the Kochi prefecture, which is located on Shikoku Island in southern Japan. This study was approved by the Ethics Committee of Kochi Medical School, Kochi University.

DNA extraction and detection of viral DNAs {#Sec9}
------------------------------------------

For DNA extraction from FFPE tumors, three 5-μm-thick slices were prepared for DNA extraction using a ReliaPrep FFPE gDNA Miniprep System (Promega, Tokyo, Japan). From frozen tumor samples or cultured cells, DNA was isolated using a QIAamp DNA Mini Kit (Qiagen, Tokyo, Japan).

Two hundred nanograms of extracted DNA was analyzed for the detection and quantification of eight different viruses (HCMV, MCPyV, HPyV6, HPyV7, HPyV9, EBV, HHV8, and HPV) via TaqMan-based real-time PCR using a StepOne Plus Real-Time PCR System (Life Technologies, Tokyo, Japan). Real-time PCR reactions and quantitative analyses were performed primarily based on methods described previously \[[@CR21], [@CR22], [@CR40]--[@CR45]\]. The primers and probes used in this study are shown in Table [2](#Tab2){ref-type="table"}. The reaction mixture used for all real-time PCR assays was prepared as follows: TaqMan Gene Expression Master Mix (Life Technologies), 900 nM of each primer, 250 nM dual-labeled probe, and 200 ng of DNA. The PCR conditions were as follows: 50°C for 2 min and 95°C for 10 min, followed by 50 cycles of 95°C for 15 s and 60°C for 1 min. Collected data were analyzed using StepOne Software v2.2 (Life Technologies). The housekeeping gene *RNaseP* was used as an internal control, and the PCR mixture without the template DNA was used as a negative control for each experiment.Table 2**Sequences of the primers and probes used for real-time quantitative PCR analysis**TargetSequence (5′ → 3′)ReferenceHCMVgBFGGCGAGGACAACGAAATCC\[[@CR21]\]RTGAGGCTGGGAAGCTGACATprobeFAM-TTGGGCAACCACCGCACTGAGG-TAMRAIEFGACTAGTGTGATGCTGGCCAAG\[[@CR22]\]RGCTACAATAGCCTCTTCCTCATCTGprobeFAM-AGCCTGAGGTTATCAGTGTAATGAAGCGCC-TAMRAMCPyVSTFGCAAAAAAACTGTCTGACGTGG\[[@CR40]\]RCCACCAGTCAAAACTTTCCCAprobeFAM-TATCAGTGCTTTATTCTTTGGTTTGGATTTC-TAMRAHPyV6LTFTGGTCCCCTTTTGTAACAGC\[[@CR41]\]RGCCAGAATTGCCAGAGGATAprobeFAM-TGCAAACATGGCTTATGCAGAAA-TAMRAHPyV7LTFACTGGTTCCCACCAAATGAG\[[@CR41]\]RTGCATAAACCAGGCCTTAAAAprobeFAM-CACCCTTTTTGCAAAAGCCTTT-TAMRAHPyV9VP1FTGCTGTTGATATTGTTGGAATTCA\[[@CR42]\]RAACAACCCGTTTCCTTAGAGTTACAprobeFAM-CTGGAGAGGCCTACCT-NFQ-MGBEBVLMP1FGTTGATCTCCTTTGGCTCCTC\[[@CR43]\]RGTGTCTGCCCTCGTTGGprobeFAM-TTGTTGAGGGTGCGGGAGGGAGTCATCGTGG-TAMRAHPV16E6FAGGACCCACAGGAGCGAC\[[@CR44]\]RAGTCATATACCTCACGTCGCAGTprobeFAM-ATGCACAGAGCTGCAAACAA-TAMRAHPV18L1FGGTTCAGGCTGGATTGCG\[[@CR44]\]RTACACGCACACGCTTGGCprobeFAM-TCGCAAACGTTCTGCTCC-TAMRAHHV8ORF26FAGCCGAAAGGATTCCACCAT\[[@CR45]\]RTCCGTGTTGTCTACGTCCAGprobeFAM-TGCAGCAGCTGTTGGTGTACCACAT-TAMRARNase PFAGATTTGGACCTGCGAGCG\[[@CR40]\]RGAGCGGCTGTCTCCACAAGTprobeFAM-TTCTGACCTGAAGGCTCTGCGCG-TAMRA

DNA sequencing analysis {#Sec10}
-----------------------

After the amplification of DNA by standard PCR or nested PCR, the PCR products were purified with a High Pure PCR Product Purification Kit (Roche Diagnostics, Tokyo, Japan) and then sequenced directly using an ABI Prism BigDye Terminator v1.1 Cycle Sequencing Kit (Life Technologies). The sequenced products were analyzed using a model 3130 Genetic Analyzer (Life Technologies). The nucleotide sequences obtained were aligned and edited with BioEdit software (Ibis Biosciences, Carlsbad, CA, USA).

Immunohistochemistry {#Sec11}
--------------------

To detect HPV protein, immunohistochemistry was performed on FFPE tissue sections using a mouse monoclonal antibody, K1H8 against the HPV major capsid protein \[[@CR27], [@CR28]\]. The immunohistochemical study was carried out using a VENTANA DISCOVERY autostainer system according to the protocol provided by the manufacturer (Roche Diagnostics, Tokyo, Japan). The antomated protocol is based on an indirect biotin-avidin system using a biotinylated universal secondary antibody and diaminobenzidine substrate with hematoxylin counterstainig.
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